young Leloir was irresistibly attracted to biochemistry during the course of this work by his observation of the profound influence of chemical structure on physiological function. Leloir did, in fact, next go abroad to learn biochemistry in the world famous Biochemical Laboratory of the University of Cambridge headed by Sir Frederick Gowland Hopkins, the great biochemical pioneer. There he worked with Malcolm Dixon on his first problem in enzymology.
Back in Buenos Aires, Leloir took up with Munoz the problem of fatty acid oxidation by cell-free liver extracts and succeeded where others had failed by showing that this oxidation requires the concomitant operation of the citric acid cycle, in agreement with the old saying that 'fats burn in the fire of carbohydrate'. This requirement seemed to be connected with the formation of energy-rich phosphate by the cycle and suggested that energy is required probably in order to activate fatty acids for oxidation. This notion was proved to be correct some years later following Lipmann's discovery of coenzyme A, Lynen's isolation of acetyl-coenzyme A, and Lynen's and G reen's studies on the activation of fatty acids to fatty acyl-coenzyme A derivatives as a first step in their oxidation.
After completing the above work Leloir went abroad again. This time to the United States. That year, 1943, was a black year for science in Argentina. Bernardo Houssay had been dismissed by the Peron Government and many of his students and collabor ators, not only in Buenos Aires University but in several provincial universities as well, resigned from their positions as a protest condemning that action. Leloir was one of them. He divided his time for a couple of years between the laboratories of Carl Cori in St Louis and David Green in New York. At this time Leloir was deeply interested in coenzymes and prosthetic groups. These had become fascinating molecules for enzymologists ever since Otto Warburg, in his trail-blazing, superbly elegant work of the 1930s had discovered the flavin and pyridine nucleotide coenzymes, and had explained their mode of action. Leloir frequently expressed the wish to discover new coenzymes, a wish that was richly granted to him a few years later by his discovery of glucose-1,6-diphosphate (G1,6DP) as a coenzyme in the interconversion glucose-1-phosphate glucose-6-phosphate, and of uridine diphosphate glucose (UDPG) as a coenzyme in the conversion of galactose to glucose. His work in New York was a beginning in this direction for he and Green had purified heart muscle glutamic-oxa loacetic transminase and had shown that pyridixal phosphate is the prosthetic group of this enzyme. .
In the meantime, Houssay was working outside the University in a privately en dowed laboratory, the Institute de Biologfa y Medicina Experimental, and he had enlisted private support to establish and maintain a research institute for Leloir. Thus was created the Institute de Investigaciones Bioqufmicas, Fundacion Campomar, in Buenos Aires and, despite enticing offers to stay in the United States, Leloir returned there in 1945 to enrich his country with his and his students' achievements.
Back in Buenos Aires, following up a report that the phosphoglucomutase-catalysed conversion of glucose-1-phosphate (G1P) to glucose-6-phosphate (G6P) was marked ly enhanced by fructose-1,6-diphosphate (F1,6DP) he discovered glucose 1,6 diphos phate (G1,6DP) that was present as a contaminant in F1,6DP preparations. Because G1,6DP acted catalytically, i.e. small amounts promoted the conversion of much larger amounts of G1P to G6P, he proposed that G1,6DP functions as a coenzyme by donating its 1-phosphate group to G1P forming G6P and G1,6DP does not change. The correctness of this model was later proved in Cori's laboratory with G1,6DP labelled with 32P. Leloir could use no isotopes then. For some time that would be a forbidden luxury for the modest means available to this new Institute. However, the indomitable will and the brains were there, as was the necessary resourcefulness; the first eager students were also there, and there was still much that could be learned with cheap and versatile techniques such as paper chromatography.
Leloir then set out to investigate the mechanism of conversion of galactose to glucose in extracts of yeast adapted to ferment the former sugar. A kinase, galactokinase, formed glactose-1-phosphate (G al-lP ) and ADP from galactose and ATP; G al-lP was converted to G1P through an unknown route. This latter enzymic activity was lost upon dialysis but was restored by the addition of a boiled yeast extract in the classical manner for discovery of coenzymes. The characterization of the active substance as UDPG, an altogether new type of compound, and the elucidation of the reactions involved in the G a l-lP to G1P interconversion, namely reaction of U DPG with G a l-lP to yield G1P and UDPGal, and the UDPGal U D PG epimerization, opened an important new chapter in biochemistry.
Discoveries in Leloir's and other laboratories of new reactions in which UDPG participated, and of reactions involving new sugar or uronic acid nucleotide com pounds, followed each other with amazing rapidity. Thus U D PG was found to play a key role in the biosynthesis of disaccharides, such as sucrose and lactose, and plant glycosides. U D PG was also found to undergo enzymic oxidation to UDP-glucuronic acid which is the donor of the glucuronyl residue in the synthesis of glucuronides. Other highlights were: the finding that U D PG al is a precursor of the brain galactolipids, the discovery of UDP-acetyl glucosamine, UDP-acetyl galactosamine and the enzymic synthesis of UDP-acetyl-glucosamine from UTP and N-acetyl glucosamine-1-phos phate (UTP + N-acetyl glucosamine-l-phosphate = UDP-acetyl glucosamine + inorganic pyrophosphate), the epimerization of UDP-acetyl glucosamine to UDP-galactosamine, and the role played by UDP-acetyl glucosamine and UDP-glucuronic acid in the synthesis of hyaluronic acid.
A most important development stemmed from J.T. Park's discovery of the accumu lation of uridine-containing compounds in penicillin-treated Staphylococcus aureus cultures. These compounds are derivatives of UDP and 3-0-a-carboxyethyl gluco samine (muramic acid). The isolated compounds included UDP-acetyl muramic acid and derivatives thereof containing one or more amino acids in peptide linkage. Strominger has demonstrated that these compounds are intermediates which accumu late when the synthesis of cell-wall mucopeptides of Gram-positive bacteria is inhibited by penicillin.
For many years, phosphorylase, the enzyme catalysing the reversible phosphorolysis of glycogen and starch to G1P had been thought to be responsible for both the breakdown and synthesis of glycogen and starch. In the synthetic direction the enzyme adds glucosyl residues from G1P to an already existing amylose chain with release of orthophosphate. Branches are formed by the action of a different enzyme (amylo 1,4-1,6 transglucosylase) which exchanges a-1,4 for a-1,6 glucosidic linkages. It became apparent, however, that the concentration of orthophosphate in tissues is generally too high for significant progress of the phosphorylase reaction in the direction of synthesis. In 1957 Leloir and Cardini found an enzyme in liver that catalysed glycogen synthesis from UDPG. Glycogen synthetase, like phosphorylase, catalyses the addition of glucosyl residues, to preexisting amylose chains, although from U D PG rather than G1P, and U D P is thereby liberated. This reaction has great thermodynamic advantage over the phosphorylase reaction, for the equilibrium of the glycogen synthetase reaction is overwhelmingly in the direction of synthesis. A dramatic confirmation that Leloir's enzyme is concerned with glycogen synthesis while phosphorylase is mainly responsible for glycogen cleavage was provided by the discovery of a genetically linked human disease, in which the muscles are unable to degrade their glycogen, and the observation that these muscles, with normal or above normal glycogen content, lack phosphorylase but contain Leloir's enzyme. A new sugar phosphate, first obtained by synthesis, ADP-glucose (ADPG), was found by Leloir and co-workers to be the glucosyl donor for starch synthesis in plant tissues. U D PG (or ADPG) is generated by the reaction of UGP (or ATP) with G1P with liberation of pyrophosphate. Thus the route of polysaccharide synthesis, like that of other energy-storage molecules (fatty acids) and biomacromolecules (nuleic acids, proteins) differs from the breakdown routes and involves different catalysts.
The discovery of the uridine nucleotide-sugar compounds led to the recognition and isolation of related substances having either a different nucleoside moiety, e.g. adeno sine, guanosine, cytidine, deoxycytidine, thymidine, or of derivatives in which the nucleoside diphosphate moiety is linked to compounds other than sugars. Thus the uridine nucleotide-sugar compounds are members of a large group within a broad class of naturally occurring substances with key biological functions. ADPG has already been referred to.
Among other compounds, may be mentioned UDP-fructose (fructosan synthesis), GDP-mannose, GDP-fucose, GDP-colitose, GDP-glucose (cellulose synthesis), CDPcholine and CDP-ethanolamine (phospholipid and sphingoside synthesis) and their deoxy-CDP-counterparts, CDP-glycerol and CDP-ribitol (synthesis of glycerol and ribitol teichoic acids, cell-wall components of gram-positive bacteria), TDP-mannose and TDP-rhamnose. The rapidity with which new Leloir compounds were discovered can be gauged by the fact that in his review on carbohydrate metabolism in the 1963
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, a little over a decade after the discovery of UDPG, E. Cabib listed no fewer than 44 sugar-linked nucleotides including, as we have seen, the 5'-diphosphates of adenosine, guanosine, uridine, cytidine and thymidine, with a vast number of compounds hexoses, hexosamines, and JV-acetyl hexosamines, uronic acids, muramic acid, sialic acid, pentoses, polyalcohols and trioses) as the sugar moiety. The number of these compounds has now risen to more than 60.
The discovery of the nucleotide-sugar compounds and the studies triggered by this discovery in Leloir's laboratory, and in many other laboratories around the world, elucidated the mechanism of several biologically important processes including the interconversion of sugars and the biosynthesis of oligo-and polysaccharides, glucosides, gluyeoronides, mucopolysaccharides, bacterial cell-wall mucopepronides, antigenic capsular polysaccharides, phospholipids, sphingolipids and brain glactolipids. Leloir's discovery of the U D PG al-U D PG epimerase and Kalckar's discovery that epimerization involves a pyridine nucleotide-linked oxidation reduction at carbon atom number 4, were signal contributions to the elucidation of the glucose-galactose interconversion. These observations, along with Hassid's findings that UDP-glucuronic acid can be decarboxylated to UDP-xylose, thus establishing an important metabolic link between hexoses and pentoses, were basic to the understanding of the mechanism of interconversion of sugars.
Later Leloir became interested in the role played by polyprenols in the synthesis of complex polysaccharides such as the antigenic lipopolysaccharides of bacterial cap sules, a problem that one of Leloir's collaborators, Dankert, took to Leloir's laboratory after having worked on this subject in Robbins' laboratory at the Massachusetts Institute of Technology.
The O antigen has a carbohydrate core consisting of N-acetyl glucosamine-glucosegalactose-glucose. The sugar residues for its synthesis are provided by UDP acetyl glucosamine, UDPG, UDPGal and UDPG, respectively. To this core is attached a lipopolysaccharide consisting of an antigen carrier lipid (ACL) having 11 isoprene residues and one phosphate or pyrophosphate group. In the synthesis of antigen, ACLphosphate (ACL-P) adds a G al-lP residue as shown, ACL-P -I-UDPGal-»GalPP-ACL -I-UDP. Rhamnose and TDP-rhamnose and GDP-mannose and this is repeated many times to form (M an-Rham-Gal)n-PP-ACL. Man-Rham-Gal is the repeating unit and there may be up to 60 of these per molecule. These compounds may act as carriers of sugar across cell membranes. Strominger has shown that polyprenols are also involved in bacterial cell-wall synthesis.
O ther studies in Leloir's laboratory showed the presence of a microsomal acceptor lipid in animal tissues which accepts glucose residues from UDPG. Furthermore, a polyprenol from liver (dolichol), having from 23 to 60 isoprene units, can after chemical phosphorylation accept glucosyl residues from UDPG to form UDP and dolicholphospho-glucose, and this compound can transfer its glucosyl residue to protein. GDP-mannose is also a good donor of sugar residues. These processes may be operative in the synthesis of glycoproteins such as collagen. Thus the sugar nucleotides are involved in a great variety of biological reactions.
From the very beginning, Leloir's Institute became a high-powered training centre for superior students. The names R. Caputto, C.D. Cardini, A. Paladini and R. Trucco are seen in many of Leloir's earlier publications. These men eventually got their own laboratories elsewhere in Argentina. As time went on other names became associated with Leloir's in the publications from the Instituto de Investigaciones Bioqufmicas. The list is now too long to recall all of them here, but the names of E. Cabib, M. Dankert, N. Gonzalez, H.G. Pontis, J.M. Olvarrfa, E. Recondo, S. Goldenberg, I.D. Algranati, H.N. Torres, H. Carminatti, C. Krisman, A. Parodi and J. Mordoh come easily to mind.
As mentioned earlier, the means at Leloir's disposal were at first very scanty. The building where the Institute was first located, a small old villa, was anything but adequate, and scientific facilities were almost non-existent. However, Leloir's work soon attracted considerable attention and recognition and, gradually, his facilities improved. Very important in this connection was a grant from the U.S. Public Health Service which Leloir received over several years. Leloir's laboratory attracted more and more students, both pre-and postdoctoral every year and the old villa was becoming crowded to bursting point. Eventually, the Instituto de Investigaciones Bioquimicas moved into larger and far more adequate quarters, in a building shared with Houssay's Instituto de Biologfa y Medicina Experimental. At about this time Leloir was appointed to a professorship of biochemistry at the Faculty of Sciences of the University of Buenos Aires, as was Carlos E. Cardini, his second-in-command at the Institute. Some other Institute members also received professorial appointments at the University of Buenos Aires. More recently, the Argentine Government built a beautiful new Institute for Leloir complete with excellent equipment. In 1987 the Institute, now directed by Israel D. Algranati, had a staff of 30 scientists, 29 graduate students (Ph.D candidates), 5 postdoctoral fellows, and 8 technical assistants, with 23 areas of research including oncology, polysaccharide, protein, and glycoprotein syn thesis, biochemistry of differentiation and morphogenesis, and biochemistry of trypan osomiasis among other topics.
The importance of Leloir's work was appreciated throughout the world and he received many awards and distinctions. In the United States alone he was elected an Honorary Member of the American Society of Biological Chemists and a Foreign Member of the National Academy of Sciences, the American Academy of Arts and Sciences, and the American Philosophical Society. Moreover, he was the first recipient of an American award of considerable distinction, the Louisa Gross Horwitz Prize in Biochemistry. He was also honoured in his homeland and in several Latin-American and European countries.
With the award of the 1970 Nobel Prize in Chemistry to Luis Leloir, Argentina now has two Nobel Laureates in Science. Because Leloir's work is in biochemistry he could have been selected equally well for the Physiology or Medicine Prize. This remark is significant because the second Argentinian Nobel Laureate received his inspiration and early training from the first one, the great physiologist Bernardo Alberto Houssay, who shared the 1947 Nobel Prize in Medicine with Carl F. Cori and Gerty T. Cori. Also of interest is the fact that both Houssay and Leloir were awarded the Nobel Prize for work in the field of carbohydrate metabolism.
The importance of men like Houssay and Leloir goes far beyond the great worth and significance of their scientific achievements, for in the face of adverse circumstan ces, initially at any rate, they upheld and carried forward the torch of scientific research with unflinching determination and thus had an enormous influence on scientific development not only in Argentina but throughout Latin-America.
On the human side Leloir was as sharp an observer as he was sparing with his words, he had a fine sense of humour -which must have been of great value many a time -he was determined, patient and modest. He disliked publicity and had to suffer from the unwanted consequences of fame, the price he had to pay for having devoted a lifetime to what he most wanted to do and for having been so good at it. His charming wife, Amelia, provided him with much happiness and all the support he needed.
